Abstract: Four percent articaine local anesthetic has been successfully used to attain local anesthesia for dental procedures. Mandibular block anesthesia may consume longer time to attain and have a higher failure of local anesthesia compared to infiltration. Mandibular facial infiltration has been reported to successfully attain effective local anesthesia for dental procedures. This study involved only several tooth sites and found that 1.8 cc of 4% articaine facial infiltration in the mandible may be effective when the facial mandibular cortex is ,2.0-3.0 mm. A waiting time of 5-10 minutes may be required for effective anesthesia. An additional 1.8 cc of dose may be required to attain anesthesia if an initial 1.8 cc of dose fails. The need for additional anesthetic may be predicted by a measurement of the facial cortex using cone beam computerized tomography. A study of mandibular sites is needed to delineate the anatomical dimensions, density of cortical bone, and apical neural location for ensuring successful local anesthetic infiltration.
Introduction
Articaine (Septocaine) is a relatively recently developed local anesthetic. 1 It is provided in a 4% solution, which is twice the usual concentration of 2% lidocaine (Xylocaine). Articaine is an amide local anesthetic with a thiophene ring instead of a benzene ring in the chemical structure that is found in lidocaine. 2 Articaine is metabolized quickly, usually within 30-60 minutes, and can produce profound local anesthesia for dental procedures. 2 It is hydrolyzed by esterases in the blood and thus may have less potential for toxicity. 2, 3 Articaine has become very popular with dentists as a local anesthetic for dental procedures. 2, 3 Generally, infiltration is performed for maxillary procedures and block anesthesia is used for many mandibular sites with 2% local anesthetics. Studies on the usage of 2% lidocaine for mandibular infiltrations have been carried out and found to be inferior to articaine. 4 Articaine facial infiltrations in the mandible have been mostly successfully performed with adequate local anesthesia ( Figure 1 ). Recent studies conflict this point. [4] [5] [6] These studies showed variation in adequate anesthesia. However, these studies did not take into account the anatomical qualities of the injection sites. Mandibular lingual infiltration was shown to be less effective than facial infiltrations. 7 This may be due to the relatively thicker nature of the mandibular lingual cortex. 8 The risk of injury to a major blood vessel is negligible during mandibular infiltration. 9 To minimize the amount of the drug delivered and the risk for failed anesthesia by an inferior alveolar nerve (IAN) block, many clinicians infiltrate articaine
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http://youtu.be/NZDs-XUSCC8 5, 10 However, this author has noticed that facial infiltration in the mandible has a much better successful anesthesia when placed in a site where the bone is palpably concave. When the osseous surface is convex, there seems to be less successful anesthesia. It may be that cortical thickness or density and/or distance of the tooth apex from the facial surface of the mandible surface are factors that may prevent or lessen the anesthetic effect. Is the variation in successful anesthesia due to the thickness of the facial cortex or the distance of the anesthetic bleb to the tooth apex?
The objective of this article is to discuss if mandibular cortical thickness and density and the distance of the tooth apex from the facial aspect of the mandibular cortex are factors that affect successful local infiltration anesthesia with 4% articaine infiltration in the mandible (Figure 1 ).
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Materials and methods
Nine caucasian patients in a private general dental practice in eastern Connecticut, USA who had a record of previous diagnostic mandibular cone beam computerized tomography (CBCT) for presurgical evaluation of dental implant, tooth extraction, or third molar surgery were selected for these measurements. There were five females and four males with age ranging from 22 to 69 years. This retrospective study was deemed exempt from ethics approval and acquiring patient consent. Some patients had multiple sites. Each patient had a dental procedure planned for a mandibular tooth or partially edentulous site. The procedures were tooth restoration, tooth extraction, or placement of dental implant. Tested teeth for dental implant procedures were adjacent to the edentulous implant sites. The subject's tooth was initially electrically pulp tested with a battery-operated pulp tester (Pulp Dent) to confirm tooth vitality. This was done as a normal course of treatment to evaluate the quality of the anesthesia before operating. An infiltration of 1.6 cc of 4% articaine (Septocaine) was then delivered at the facial aspect of the cortical bone directly opposite the perceived apex of the subject tooth. The time was then set to zero. At 2, 5, and 10 minutes, the tooth was again subjected to an electric pulp test to test for adequate anesthesia. When the electric pulp test was negative, the tooth was deemed insensate; the dental procedure was then performed. If the patient reported sensation, ie, positive electric pulp test, the tooth was deemed sensate. After 10 minutes of failed anesthesia, a mandibular block was performed to ascertain adequate anesthesia to accomplish the procedure. Figure 2 demonstrates the CBCT measurement of cortical thickness and distance from the tooth apex to the facial aspect of the cortex. Table 1 lists the time elapsed for electric pulp testing, the facial cortical thicknesses of each site, and the apical to cortical distance of each subject tooth. Apical foramina were seen on most CBCTs, but if not, it was assumed that the apical foramina were at the root apex and were not at the side of the root exiting canals. Measurements were taken using the CBCT of Hounsfield units (HU), the apical cortical thickness of each site, and the distance from the tooth apex to the facial aspect of the facial cortex ( Figure 2 ). HU were read as cortical and trabecular readings (cortical/trabecular) ( Table 1) . Reading HUs using the CBCT screen produced a range of values, so an approximation of most seen numbers was noted. 
Results
At 0 and 2 minutes post infiltration time, all teeth responded to the electrical pulp testing.
Patients who had an average cortical thickness of 2.12 mm with a range of 1.11-3.20 mm facial cortical thickness reported "sensation" at 5 minutes to the electric pulp test.
Patients who had an average cortical thickness of 2.0 mm with a range of 1.60-2.66 mm facial cortical thickness reported "no sensation" at 5 minutes to the electric pulp test.
At 10 minutes, the only patient who was still sensate had a two-root mandibular left first molar with an average facial cortical thickness of 3.25 mm (Tables 1-3 ). The mandibular left first molar had two separate roots and was measured as two separate teeth. The remaining insensate teeth had an average cortical thickness of 1.94 mm.
Patients who had an average apex to facial cortex distance of 4.33 mm with a range of 2.24-6.23 mm facial cortical thickness reported "sensation" at 5 minutes to the electric pulp test.
Patients who had an average apex to facial cortex distance of 4.65 mm with a range of 2.99-6.29 mm facial cortical thickness reported "no sensation" at 5 minutes to the electric pulp test.
At ten minutes for Patient 1, the two root molar remained sensate. Each tooth apex was 4.6 mm and 4.7 mm to the facial cortex. The average was 4.65 mm.
The position of the tooth apex from the facial aspect of the cortex did not appear to be a factor in the attainment of anesthesia.
Patients who had a cortical/trabecular average of 1,065/383 HU reported "sensation" at 5 minutes to the electric pulp test (Table 4) . Patients who had a cortical/trabecular average of 844/392 HU reported "no sensation" at 5 minutes to the electric pulp test.
The patient at site 19 who had a cortical/trabecular average of 1,341/179 HU reported persisting "sensation" at 10 minutes to the electric pulp test (Table 4) .
Patients who had an average of 961/409 HU reported "no sensation" at 10 minutes (Table 4) .
The higher HU cortical values were associated with "sensation", while higher trabecular HU values were associated with "no sensation". There was no association of HU with onset of anesthesia.
Age and sex did not influence outcomes.
Discussion
Previous work on using mandibular facial and lingual infiltration found a 56% successful anesthesia with 1.8 cc and 93% successful anesthesia with 3.6 cc. 12 This study had supplemental lingual infiltration to augment the facial infiltration. Osseous qualities were not noted, and the most successful anesthesia was obtained with a "double dose" of the articaine. The additional drug delivered may have more successfully anesthetized the teeth tested. Another study using double infiltration dose (3.8 mL) of 4% articaine demonstrated a production of anesthesia of mandibular first molars in 70% of patients. 6 The extra articaine may provide enough drug quantity to penetrate cortical thickness or osseous nutrient canals. 13 There was not 100% effective anesthesia, which may be due to thicker cortices at these sites.
The onset of articaine local anesthesia is generally 7-9 minutes for mandibular blocks.
14 For a local anesthetic to act, it must be in physical contact with the neurons to be anesthetized. With facial infiltrations, access to these nerves requires that the articaine penetrates the cortical and trabecular bone to be in contact with the apical neural supply. Cortical bone is permeable to nutrients, waste products, and signal molecules. 15 Articaine would most likely permeate cortex as well. However, increased cortical thickness may attenuate the passage of molecules. Intraosseous lipids and the osseous collagen matrix constituents of a particular bone site and canalicular distribution may influence permeability. 15, 16 Thus, different sites on a bone or different bones may allow drug penetration more or less depending on the microanatomy and biochemistry of a particular osseous site. Vancomycin and glycopeptides penetrate bone, but penetration is improved with an increased osseous vascularization. 17 Increased molecular penetration also occurs in the presence of inflammation and decreases with impaired vascularization. 18 However, inflamed sites may have a low pH and reduce anesthetic disassociation for bioactivity.
In one prospective randomized trial, articaine was used to anesthetize mandibular teeth with irreversible pulpitis. It was found that after failure of an IAN block with 2% lidocaine and 1:100,000 epinephrine, a facial infiltration with 4% articaine and 1:100,000 epinephrine produced successful tooth anesthesia in 84% of the failed cases. 19 Facial infiltration with articaine may provide additional or complete anesthesia for treatment of irreversible pulpitis. The inflammation occurs intrapulpally, so this would not affect anesthetic disassociation. Nevertheless, the articaine infiltration did not provide 100% effective anesthesia.
A prospective randomized, double-blind, crossover study compared the pulpal anesthesia attained with 4% concentrations of articaine, lidocaine, and prilocaine as primary buccal infiltrations of the mandibular first molar. 20 The effectiveness of 4% articaine at 55% was more than 4% lidocaine at 33% and 4% prilocaine at 32%. 20 In another study by Rogers et al, rescue infiltration with 1.7 cc articaine (62%) after failed IAN block was more successful than lidocaine (62% vs 37%). 21 In one study of likely implant sites, long-standing edentulous facial plate thicknesses were measured and found in the range of 1-2.2 mm. 8 In dentate sites, the facial cortical thickness ranged 1.6-2.2 mm. 22 Thinner dentate cortices were found in the mandibular anterior, and the thickest cortices were found in the posterior maxilla. A thicker cortex may Note: The position of the tooth apex from the facial aspect of the cortex did not appear to influence the attainment of anesthesia. 
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Articaine infiltration inhibit penetration of an anesthetic solution and thus its effectiveness. In dentate and edentulous sites in the maxilla and mandible, the lingual cortical bone is generally thicker than the facial cortex. 8, 22 CBCT can show small neurovascular nutrient osseous canals that may conduct anesthetic solution into the cancellous bone to the apical end of the tooth. 23 The resolution of any particular CBCT may not show very small nutrient osseous canals that may be numerous and that may conduct anesthetic solution. Nutrient canals that perforate the mandibular cortex may allow small amounts of anesthetic into the medullary space and thus may act on the dental nerve. 18 Canal dimensions may vary from 0.4 mm to 1.8 mm. 24 However, many of these canals may be very small and may not individually conduct adequate amounts of anesthetic for a clinical effect. Diffusion of the anesthetic through thin cortical bone may be effective. Often a facial infiltration of 4% articaine in the mandible will produce anesthesia in the more anterior teeth, such as the canines or incisors. The anterior mandible appears to have the most nutrient canals. This may be due to the blood supply to this area that originates from the facial artery. 9 This may be due to the penetration of the anesthetic through nutrient canals and subsequent diffusion to contact dental neurons. 13, 24 Which is more effective, nutrient canal conduction or cortical diffusion, for anesthesia is not known.
The surgical placement of dental implants in edentulous sites may be accomplished with facial and lingual infiltrations of 4% articaine. 12 Avoiding the anesthetic block of the IAN may give the implant surgeon important sensory information from the patient if the osteotomy drill approaches this nerve. Anecdotally, the author has had more than a thousand successful implant placements by using facial and lingual infiltrations with 1.8 cc of 4% articaine in palpably concave sites. However, concavity may not be the single most important quality for anesthetic penetration.
Generally, lidocaine may not be effective in patients with hypokalemic sensory overstimulation, similar to hypokalemic periodic paralysis, a result of mutations in the SCN4A gene. 25 The phenotype of attention deficit disorder (ADD) is closely related to this hypokalemic disorder, and there may be some types of ADD that render these patients resistant to lidocaine effectiveness. Also articaine may be ineffective in these patients. None of the patients in this study reported hypokalemic sensory overstimulation or ADD.
Articaine has been implicated in IAN and lingual nerve damage during the mandibular block technique, but this is controversial. 26, 27 Most of the reported nerve altered sensation occurs in the lingual nerve, which may be anatomically less well protected than the IAN. 3 The neural sheath may be thinner in the lingual nerve, which may allow damaging penetration of the high concentration of the articaine preparation. Mandibular block anesthesia with articaine without vasoconstrictor has recently been advocated for use in patients who are restricted from epinephrine. 28 The epinephrine prolongs the duration of the articaine and may prolong damaging exposure of the nerve to the anesthetic. Facial infiltration of articaine bypasses the mandibular block technique and thus the potential for damage of these neural structures.
HU depicts a bone density value on CBCT images. 29 The higher cortical HU values were associated with persisting sensation, while higher trabecular HU values were associated with no sensation (Table 4) . HU may not be an accurate depiction of the actual bone density, but a broad approximation since anatomical factors may influence the readings. 29 Thick cortical bone can cause distortions in the measured HU. 29 It may take at least 5-10 minutes for mandibular facial infiltrations with articaine to be effective in most sites. Thicker cortices are associated with longer onset and no onset of anesthesia. Cortices thicker than ∼2.00 mm may take longer to attain anesthesia or may never become anesthetized. A 3.2 cc dose may be required to attain anesthesia if the cortex is thicker than 2.0 mm.
Clinicians with access to CBCT can measure the facial cortex before infiltration to determine if 1.8 cc or 3.6 cc would be required for adequate anesthesia for a proposed procedure.
No statistical analysis was performed due to a small number of readings and limited diversity of cases.
Conclusion
A total of 4% articaine infiltration at the facial aspect of the mandible may produce effective local anesthesia in patients with thinner cortices where the anesthetic is delivered. When there is facial cortical bone thicker than ∼2.0 mm, as measured on a CBCT, adequate anesthesia may not occur. Cortical thickness appears to be the primary factor that determines onset of anesthesia. A CBCT can allow measurement of the facial cortex to indicate if a larger dose of anesthetic would be required for adequate anesthesia. Cortical density expressed in HU or tooth apex distance from the facial cortical aspect of the site did not appear to dramatically affect anesthetic effect. A waiting time of 5-10 minutes may be required for effective anesthesia. An additional 1.8 cc of
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Flanagan dose may be required to attain anesthesia if an initial 1.8 cc of dose fails. The additional anesthetic solution may allow better penetration. More appropriate study of this concept is required to delineate the appropriate cortical thickness, density, trabecular density, and apex-cortex distance dimensions that may affect local anesthesia.
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